18 O were observed from August to November 2001 at three stations in Thailand. Water origins were estimated using a tagged-water transport model. The temporal and spatial distributions of water origins showed a clear transition from the Indian Ocean to the Pacific Ocean as the Asian monsoon retreated from Indochina. A new definition of the withdrawal date of the Asian monsoon over Indochina is proposed that considers the transition of the origin of water vapor. The daily variability of precipitation isotopes at three stations in Thailand was reproduced at statistically significant levels using a Rayleigh-type isotope circulation model. Therefore, the atmospheric water balance in the model can be validated reliably with these precipitation isotopes. Nevertheless, the simulated 18 O values were obviously underestimated, perhaps because of uncertainties in the evaporating isotope ratios and the lack of isotope physics at small scales.
Introduction
Oxygen isotopes in meteoric precipitation ( 18 O) are strongly influenced by the water vapor source and trajectory history and can be used to reconstruct the atmospheric circulation (Burnett et al. 2004) . Araguás-Araguás et al. (1998) discussed the seasonal variability of precipitation isotopes in the Asian Pacific region and discussed precipitation amounts and isotopes according to air mass sources modulated by monsoon activity. Many observations of precipitation isotopes show the influence of source region (e.g., Datta et al. 1991; Welker 2000; Yamanaka et al., 2002) , and that short-term isotopic variability can be large. Hoffmann et al. (2000) noted that general circulation models cannot reproduce short-term isotopic variability, perhaps because of limited spatial resolution.
However, Yoshimura et al. (2003 Yoshimura et al. ( , 2004b ) developed a Rayleigh-type Isotope Circulation Model (ICM) with realistic meteorological forcings and reproduced the observed daily variability of precipitation isotopes. They quantitatively explained that large-scale moisture transport dominates the control of isotopic variability in precipitation. Yoshimura et al. (2004a) also used the ICM to develop an atmospheric water vapor transport model to estimate atmospheric moisture advection from specific source regions. They provided an integrated view of temporal and spatial changes in atmospheric circulation fields over the Asian monsoon regions.
The study presented here estimates water origins and defines the withdrawal date of the Asian monsoon over Indochina in terms of changes in the origins of air masses from the Indian Ocean to the Pacific Ocean. Furthermore, the reliability of the estimated water origins was evaluated using simulated and observed precipitation isotopes. (Yoshimura et al. 2003 ). This global model has a (2.5°×2.5°) grid and one vertical layer. The atmospheric water circulation calculations maintain the atmospheric water balance (Oki et al. 1995) using an upstream scheme at each grid point for every time step. Water origins were tracked using a colored moisture analysis (CMA) through an ICM with a tagged-water transport scheme (Yoshimura et al. 2004a ). The globe was divided into five regions: Indian Ocean, Java Sea, Pacific Ocean, land, and other. Figure 1 shows the Asian monsoon region, which is the focus of this study.
Data and methods
The National Centers for Environmental Prediction/ National Center for Atmospheric Research (NCEP/ NCAR) global atmospheric reanalysis data (Kalnay et al. 1996) includes precipitable water (total column water vapor), vertically integrated moisture fluxes (zonal and meridional), precipitation, and evaporation. These values were used to calculate the atmospheric water balance. Six-hourly reanalysis variables were used in this study. Figure 2 
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Water origin transitions
Colored moisture analysis (CMA) was used to estimate water origins at three stations in Thailand. Figure 3 shows the daily variability of the water-origin contributions to the total column water. The total column water was about 50 mm/day throughout the entire observation period. About 50, 70, and 80% of the total column water originated from the Indian Ocean (IDO) until 22 September at ChiangMai, 30 September at Bangkok, and 15 October at Phuket, respectively. Subsequently, the IDO origins decreased abruptly to less than 10% as both the Java Sea (JVS) and Pacific Ocean (PFO) origins increased to about 40% at ChiangMai and to more than 50% at Bangkok and Phuket. The IDO origins increased from north to south, suggesting a possible dependence on the strength of the Asian monsoon. The transition occurred as moisture transport by the strong southwesterly winds of the Asian monsoon declined. Ichiyanagi and Yamanaka (2005) mentioned that the Asian monsoon affected precipitation at Bangkok. Therefore, the last day on which the sum of JVS and PFO origins exceeds the IDO origins is useful as a new definition of the withdrawal date of the Asian monsoon. This water vapor origin concept helps to describe the air mass movement. For example, Matsumoto (1997) defined the withdrawal date as the last pentad day on which the precipitation amount exceeded the annual mean values.
The water vapor contributions that originated from land (LND) were about 40, 20, and 10% for ChiangMai, Bangkok, and Phuket, respectively. LND origins increased over inland regions, where evaporation from the land surface was possible.
Withdrawal of the Asian monsoon
The spatial evolution of water origins around Indochina was examined during the withdrawal of the Asian monsoon from 1 September to 31 October. The withdrawal was divided into four periods (1 15 and 16 30 September, 1 15 and 16 31 October), and the contributions from each origin were averaged for each period. Figure 4 shows the spatial distributions of the waterorigin contributions to the total column water. In the first period, IDO origins dominated, contributing more than 30% over Indochina, while JVS+PFO origins contributed less than 10%. In the second period, however, the JVS+PFO origins increased over Indochina from the east; contributions over the eastern half of Indochina from JVS+PFO exceeded 10%; simultaneously, the IDO origins exceeded 20% over southwestern Indochina. In the third period, the JVS+PFO origins dominated, contributing more than 20% over Indochina, while the IDO origins were less than 10%. Around Phuket, however, about 40% of the total had IDO origins. In the final period, more than 30% of the total over Indochina had JVS+PFO origins. IDO and JVS+PFO origins both contributed almost 20% of the total around Phuket.
The right-hand panels in Fig. 4 show that water from LND origins consistently contributed about 20% of the total in inland areas of continental Asia and more than 10% over Indochina. Figure 4 also shows the precipitation amounts exceeding 10 mm/day according to the NCEP/NCAR reanalysis. Precipitation over Indochina decreases as the Asian monsoon withdraws. The amounts of precipitation over the Bay of Bengal and the South China Sea during the third and final periods have changing spatial distributions that do not correspond to the changes in water vapor origins examined here. Monsoon withdrawal from adjacent seas is not explained by the transition of the air mass from the Indian Ocean to the Pacific Ocean. This suggests that the withdrawal mechanisms differ between land and sea surfaces. Indeed, Wang and LinHo (2002) used Climate Prediction Center Merged Analysis of Precipitation data to determine the withdrawal date of the rainy season and found a much earlier withdrawal over Indochina (October) than adjacent seas (November to December).
Validation of water origins
The previous sections showed how the evolution of water origins over Indochina could be used to define the withdrawal date of the Asian monsoon. This section uses stable isotopes of water to quantify the confidence in the water origins. Precipitation isotopes at the three stations were calculated using the same variables which used in the CMA. A previous paper (Yoshimura et al. 2003) used the ICM to reproduce the short-term variability of precipitation isotopes, especially over Thailand in 1998 and 1999. The correlation coefficients between the simulated and observed precipitation isotopes were 0.56 0.76, with significance exceeding 99%, and the root mean square errors (RMSEs) were 3.5 4.8‰. The ICM can reproduce the daily precipitation isotope variability in the sub-tropics, including Thailand. Therefore, if atmospheric moisture transport is close to reality, the isotope variability should be similar to observations. Figure 2 shows the daily variability of 18 O in precipitation simulated using the ICM. The correlation coefficients between the observed and simulated values were 0.54 at ChiangMai and 0.70 at Bangkok and Phuket. These correlation coefficients were statistically significant at levels exceeding 95% at ChiangMai and 99% at Bangkok and Phuket. The correlations and significance are similar to those found for 1998 and 1999 simulations. The daily variability in precipitation isotopes was well reproduced for all stations. Simulated
18
O values also show the observed August depletion at ChiangMai and the October enrichment at Phuket. Figure 5 shows scatter diagrams of the simulated and observed 18 O in precipitation. The RMSEs are 7.81‰ at ChiangMai, 7.50‰ at Bangkok, and 6.62‰ at Phuket. These values are all larger than values found for the 1998 and 1999 simulations. The simulated 18 O values at all three stations were obviously too small over the entire period, most likely because of modeling uncertainties for how isotopic ratios evaporate and the lack of isotopic physics at small scales in the ICM. The RMSEs at ChiangMai and Bangkok are larger than those at Phuket. Figure 3 shows that the water contributions from LND origin at ChiangMai and Bangkok exceed those at Phuket. There may be greater uncertainty in isotope ratios of water vapor evaporated from the land surface than for those evaporated from the sea surface because of complex terrain or heterogeneous vegetation. The uncertainties in evaporating isotope ratios may affect the simulation results. Yoshimura et al. (2003) quantitatively analyzed moisture transport, precipitation, and evaporation to explain the daily variability in precipitation isotopes. They showed that moisture transport at large scales controls short-term isotopic variability in precipitation because the temporal variability of 18 O in water vapor is very strongly correlated (r=0.99) with precipitation. In addition, sensitivity experiments on the horizontal resolution of meteorological forcings provided from the NCEP/NCAR (2.5°) and the Global Energy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiments (GAME) (1.25°) reanalyses, suggested that the horizontal model resolution had little effect on the daily variability of precipitation isotopes. Therefore, regional processes at small scales, including cloud formation and geographic complexities, are likely of secondary importance.
Conclusion
Water origins over Indochina were estimated during the withdrawal of the Asian monsoon using a colored moisture analysis (CMA). The reliability of the analysis was evaluated using precipitation isotopes that were observed and simulated using a Rayleigh-type Isotope Circulation Model (ICM). This is the first study to corroborate these two models. The CMA results show a clear transition in the origin of water over Indochina from the Indian Ocean to the Pacific Ocean as the Asian monsoon retreated. Water vapor originating from the Indian Ocean showed a north south increase at the three stations depending on the strength of the monsoon. Vapor originating from land increased from coastal to inland regions and obviously depended on evaporation from land surfaces. The areal coverage of precipitation over Indochina decreased as the water vapor source changed; such a decrease did not occur over adjacent seas. In this study, the withdrawal date of the Asian monsoon over Indochina, which is based on the changing source of water vapor, corresponds with dates found in previous studies that determined the withdrawal date using precipitation amounts and satellite data. The ICM reproduced the daily variability in the precipitation isotopes at three stations well. However, the simulated 18 O values were underestimated because of modeling uncertainties for evaporating isotope atios and the lack of isotope physics at small scales. Further study is warranted to resolve these uncertainties. 
